We present a new approximate theory of scattering by randomly rough surfaces. The selvedge region is considered to be a layer with fluctuating index. A mean-field theory is used to derive the diffuse intensity. Comparisons with Monte Carlo simulations based on surface integral equations show that the technique can be used for rms heights as large as /2 and for any type of slope for a dielectric constant of 2.25. However, the accuracy decreases with increasing dielectric constant.
INTRODUCTION
Scattering of light by randomly rough surfaces is a multiple-scattering problem. Well-known approximations such as the Kirchhoff approximation and the firstorder perturbation solution account only for simple scattering. Therefore their domain of validity is restricted to small rms heights or small slopes. Recently, several new models with considerably enlarged validity domain have been derived. A review can be found in recent books by Voronovich, 1 Nieto-Vesperinas, 2 and Ogilvy. 3 Yet, the majority of these techniques have been developed for onedimensional or nonpenetrable surfaces. All of them are based on small slopes or small-rms-height assumptions. A completely different approach has been used in the context of x-ray scattering, where the dielectric contrast is used as a small parameter in a perturbative analysis. 4 In essence, the physical idea of such an approximation is to consider that a rough surface is a medium with a randomly fluctuating index. The tools developed for the analysis of wave propagation in random media can then be applied to this particular problem. Note that such an approach does not use any assumption on the statistical properties of the surface. A nice feature is that multiple scattering is partly taken into account when the mean field is computed. Thus it may provide a good solution for surfaces with large rms heights and large slopes but with low dielectric contrast. So far, this kind of approach has been used for dielectric contrasts as low as 10
Ϫ5 . Yet, higher dielectric contrasts are commonly used in the domain of volume scattering such as the scattering of microwaves by a snow layer. Thus it appears that modeling optical scattering by a dielectric rough surface as a volume scattering problem should be feasible. With this idea in mind, some time ago we analyzed the scattering properties of an ensemble of small scatterers with an optical index n ϭ 1.5 located above a substrate, and we found some analogies with scattering by a random surface. 5 This result supports the idea that surface scattering can be viewed as volume scattering. The theory presented in this paper is a volume technique applied to surface scattering. Our goal is to deal with a dielectric contrast much larger than what is common with x-rays. A major advantage of such a technique is that volume and surface scattering are treated on the same footing from the beginning. Thus the technique should be particularly well suited to the analysis of interactions between volume and surface scattering. In the first part of the paper, we shall briefly outline the theoretical approach. Comparisons with a numerical simulation based on a surface integral equation will be used to investigate the domain of validity of the technique.
MEAN-FIELD THEORY
We consider an interface defined by z ϭ S(x) separating vacuum ͓z Ͼ S(x)͔ from an isotropic dielectric medium described by its dielectric constant ⑀(x, z). The surface is illuminated by a monochromatic s-polarized plane wave characterized by the y component of its complex electric field E(x, z). Throughout the paper, a time dependence exp(Ϫi t) is assumed. Along a line at constant z, the dielectric constant ⑀(x, z) varies randomly, taking the values 1 if z Ͼ S(x) and ⑀ if z Ͻ S(x). An average over an ensemble of realizations of the system yields a translationally invariant system defined by a z-dependent Fig. 1 ). The scattering problem can now be viewed as scattering by the fluctuations of the dielectric constant ⑀(x, z) Ϫ ⑀ ref (z). This is put on a rigorous basis by writing the Helmholtz equation in the form
where k 0 ϭ /c and S(x, z) represents the sources of the incident field. Equation (1) is converted into an integral equation by introducing the Green's function defined by
and the usual radiation conditions at infinity. Such a Green's function is obtained for any dielectric profile ⑀ ref (z) by approximating the profile by a multilayer and using the formalism developed by Sipe. 6 Using Eqs. (1) and (2), we can cast the problem in the form of an integral equation that we write in operator notation:
where the operator L 1 is the multiplication by
and the operator G is defined by
Note that with this definition ͗L 1 ͘ ϭ 0. The field E 0 is the field produced by the source in the nonperturbed medium characterized by ⑀ ref (z). The general smoothing technique is applied to Eq. (3) to yield an equation for the average and fluctuating components of the field. Yet, the lowest order solution in multiple scattering is readily obtained by using a Born approximation of Eq. (3):
This expression shows that the diffuse component of the field is produced by the inhomogeneities illuminated by the field in the average medium. Thus even to zero order, the approximation introduces some degree of multiple scattering through the use of a mean field. In what follows, we will refer to this approximation as mean-field theory (MFT). In the context of volume scattering, similar approaches have been called distorted Born approximations. Yet, a survey of the literature shows that this name has been used for a variety of different situations, so we will use the term MFT to avoid confusion. From Eq. (5), the intensity can be derived
The far-field expression is obtained by simply using the asymptotic form of the Green's function. The first term describes the specular component, and the second term gives the diffuse intensity. It is seen that the root of the diffuse intensity is the correlation of the fluctuation of the dielectric constant 0 4 as is usual in volume scattering. Thus the angular behavior of scattering by a rough dielectric surface is governed by the Green's function of the multilayer that describes the average selvedge region and by the correlation of the dielectric constant. This provides a completely different picture of rough surface scattering as compared with the Kirchhoff approximation, perturbation theory, or phase perturbation theory. Assuming that the height probability density is Gaussian and that the correlation function is also Gaussian, the statistical properties of the dielectric contrast ⑀(x, z) Ϫ ⑀ ref (z) can be derived. This is the subject of 
DERIVATION OF THE STATISTICAL PROPERTIES OF THE SELVEDGE REGION
In this section we provide a detailed derivation of the
Our starting point is the statistical description of the random rough surface defined by z ϭ h(x), where h is a random process. We assume that the height probability density is Gaussian:
We also need the joint probability function p 2 (h, hЈ, r) given by
where r ϭ ͉x Ϫ xЈ͉, h ϭ h(x), and hЈ ϭ h(xЈ). In what follows, we will use a Gaussian correlation function with ). We now turn to the derivation of the statistical properties of the rough interface considered to be a random medium with fluctuating permittivity.
The basic tool that we need in order to proceed is the expression of the probabilities P a (z) that ⑀ (x, z) ϭ ⑀ a and probabilities P b (z) that ⑀ (x, z) ϭ ⑀ b . They can be derived from the height probability density of the surface by a simple integration:
The averaged permittivity is then
Using the Gaussian height density probability yields
To derive the expression of the correlation function, we need the joint probability P aa (r, z, zЈ) (and similarly P bb , P ab , P ba ) that ⑀ (x, z)⑀(xЈ, zЈ) ϭ ⑀ a ⑀ a . They are evaluated with the height probability density p 2 as follows:
where r ϭ ͉x Ϫ xЈ͉. The correlation function can be cast in the form
Using the explicit expressions of the probabilities yields the following final result:
where
and that L(r, z, zЈ) tends toward 0 when z and r tend toward infinity.
NUMERICAL RESULTS
We now present some typical results obtained with this new formalism. To check their validity, we have used numerical simulations based on solutions of surface integral equations 7 and an average of the intensity over typically 600 surfaces. For these computations, we use a plane-wave illumination and 200 sampling points. The length of the surface is 20. In Fig. 2 we present the diffuse intensity for a glass surface (⑀ ϭ 2.25) with a correlation length a ϭ and an angle of incidence i ϭ 62°for different rms heights. It is seen that the agreement is good even for a roughness as large as /2. This is a result that cannot be obtained by means of any other approximate technique. We now consider two different correlation lengths. Indeed, the concept of the average medium is expected to be good when the correlation length a decreases so that the medium can be described properly by the average dielectric constant. We display in Fig. 3 the results for normal incidence and three values of a: /5, /2, and 2. It is seen that the scattering patterns are modified when values of the correlation length are changed. On comparing Fig. 3 with Fig. 2 , we also observe that the scattering pattern depends strongly on the angle of incidence. All these behaviors are correctly modeled by the MFT.
Next, we address the question of the validity of the MFT when the value of the dielectric contrast is increased. Since this technique is based on a Born approximation, it is expected to break down when the dielectric contrast is increased. We have considered a surface with correlation length a ϭ and rms height 0.2 illuminated at 62°for two values of the dielectric constant ⑀ ϭ 2.25 and ⑀ ϭ 5 (see Fig. 4 ). As expected, the agreement is not as good for ⑀ ϭ 5 as it is for ⑀ ϭ 2.25. It is clear that this technique is useless for metallic surfaces, but it seems to provide reliable results for dielectric materials. Finally, we have considered a surface with large rms height (␦ ϭ 0.2) and large slopes (a ϭ 0.2) for an optical index n ϭ 1.5. Figure 5 shows that the MFT agrees very well with the reference numerical solution, whereas the Kirchhoff approximation has an error above 100%, and the perturbative solution is obviously useless. We present a case with a larger roughness (␦ ϭ 0.5 and a ϭ 0.3) in Fig. 6 . It is seen that the agreement with the numerical simulation is not so good for scattering angles larger than 60°. Yet, the results are in fair agreement for a surface with a very large slope and a large rms height. To our knowledge, apart from time-consuming numerical simulation, there is no other technique that can deal with such random rough surfaces. A typical computation requires 10 s with the MFT, whereas the numerical simulation requires 7200 s on the same workstation (with only 200 realizations).
Although numerical results have been presented for nonlossy materials, the technique can handle lossy materials provided that the decay length is much larger than the rms height. A significant difficulty of the MFT is that energy is not conserved exactly for the same reason that it is not conserved with first-order perturbation theory. Indeed, it is necessary to go to second order in order to include scattering losses for the coherent component. Thus the coherent component is larger than its actual value. To improve the technique, the mean field should be obtained by properly solving the integral equation obtained by smoothing. 8 An alternative possibility would be to include the effect of correlation in the effective index so that scattering losses are included when the average field is computed. Yet, we found that this problem has little consequence for the accuracy of the scattered field in reflection (see Figs. 5 and 6 ). Finally, we note that the technique can include, in a straightforward way, scattering by inhomogeneities (volume scattering) by accounting for their contribution in the correlation function ͗L 1 L 1 *͘. It is also interesting to note that the extension to three-dimensional problems reduces to the replacement of the Green's function by a Green's dyadic. The MFT is thus well suited to analysis of the full problem of vectorial scattering by two-dimensional surfaces. All these extensions are in progress and will be reported elsewhere.
CONCLUSION
To conclude, we have presented a new approximation technique to deal with scattering by randomly rough surfaces. Unlike previously reported techniques, the validity of the MFT depends little on the surface parameters. It can be used for surfaces with high slopes and roughness as large as /2. By contrast, it breaks down for high dielectric contrasts. 
